The effect of acetic or propionic acid rumen fermentation patterns on whole-body protein turnover, tissue protein synthetic rates and body composition was investigated in growing lambs. Protein turnover was assessed using a continuous intravenous infusion of [2,3-3H]tyrosine and tissue protein fractional synthetic rates (FSR) from the specific activities of plasma free, intracellular free and tissue bound tyrosine. Only the FSR of muscle tissue approached significance. The high FSR in the propionic group was attributed to the high plasma insulin concentration. Values for whole-body protein synthesis, corrected for tyrosine oxidation, were similar to those obtained by summating protein synthesis in individual tissues, confirming that tyrosine oxidation should be measured accurately if reliable wholebody protein synthesis values are required. Tyrosine oxidation and flux were high in the acetic acid group, suggesting that amino acids are used for gluconeogenesis. The high protein turnover rate probably ensures an adequate supply of gluconeogenic amino acids and that the penalty of mobilizing body proteins for gluconeogenic amino acids is minimal. In the propionic acid group, high plasma glucose and insulin concentrations were associated with a low protein turnover rate, high ratio of deposited: synthesized protein and a high body fat content. It is concluded that changing the proportion of ruminal volatile fatty acids influences protein turnover, protein synthesis and the efficiency of protein retention. Such factors probably contribute, indirectly, to the observed differences in body composition.
In non-ruminants, extensive studies have been made on protein turnover, but the same information is not available for ruminants. Some studies have shown that protein turnover falls as sheep age (Soltesz et al. 1973; Buttery et al. 1975 Buttery et al. , 1977 Arnal et al. 1976; Arnal, 1977; Combe et al. 1979 ), but only a few studies have examined the effects of dietary changes (Davis et al. 1981 ; Chambers & Bickerstaffe, 1982) , the physiological status of the animal (Bryant & Smith, 19826) or hormonal changes (Sinnet-Smith et al. 1983 ) on protein turnover.
Because of the extensive rumen fermentation, dietary components are converted to volatile fatty acids (VFA) such as acetic, propionic and butyric acids (Blaxter, 1961) . There are, however, no reports on the effects of manipulating the proportion of rumen VFA on protein metabolism, although it has been observed that a propionic acid type of fermentation is associated with an improvement in growth efficiency (Knox & Ward, 1961 ; Poole & Allen, 1970) , and that the administration of glucose or propionate to sheep improves nitrogen retention (Eskeland et al. 1974) . Abdul-Razzaq (1985) also demonstrated that the concentrations of plasma glucose and insulin, both of which affect protein turnover and protein synthesis, increased with a propionic acid type of rumen fermentation.
Such circumstantial evidence suggests that a propionic acid type of fermentation should improve growth and the efficiency of energy utilization for protein synthesis. The objective of the present work was to investigate whether manipulating the proportion of rumen VFA
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for 10 min at 3000 g. After removal of the supernatant fraction, the precipitated protein (tissue-bound tyrosine) fraction was washed and re-centrifuged twice with 10 ml 0.3 M-HCIO,. The washings plus original supernatant fraction constituted the intracellular tyrosine fraction.
The intracellular tyrosine was neutralized with 5 M-potassium hydroxide, precipitated potassium perchlorate removed by centrifuging for 10 min at 1000 g and the supernatant fraction freeze-dried. The residue was resuspended in 10 ml water and portions removed for the determination of the concentration and radioactivity of intracellular tyrosine.
Tissue-bound tyrosine in the HCIO, precipitate was treated by a procedure described by Nicholas et al. (1977) , with a few modifications. Briefly, the precipitate was washed with 20 ml cold trichloroacetic acid (100 g/l), followed by cold potassium acetate (10 g/l 94 % ethanol), then warm chloroform-methanol-diethyl ether (1 : 2 : 2, by vol.) and finally diethyl ether. A portion (100 mg) of the dried protein precipitate was hydrolysed in 25 ml de-aerated 6 M-hydrochloric acid at 110" for 18 h. The contents were dried by rotary evaporation, re-dissolved in water, neutralized with 2 M-KOH, and the volume adjusted to 10 ml. Portions were subsequently removed for the determination of the concentration of tissue bound tyrosine.
Concentration and spec& radioactivity of tyrosine. The concentrations of plasma free tyrosine, intracellular tyrosine, tissue bound tyrosine and tyramine were determined by the fluorimetric method of Waalkes & Udenfriend (1957); the coefficient of variation was 5 % (n 65). Tyrosine specific radioactivity was determined by decarboxylating tyrosine to tyramine with L-tyrosine decarboxylase (EC 4.1 . 1 .25), as described by Garlick & Marshall (1 972), except tyramine was selectively extracted into 3-methyl-1 -butan01 followed by 0.2 M-HCI rather than ethyl acetate and sulphuric acid; the coefficient of variation was 8 % ( n 43). The method, which is specific, eliminates any possible contamination from radioactive D-tyrOSine or any other non-tyrosine substance. All radioactivity measurements were made using scintillation-counting techniques and a Philips PW 4700 liquid-scintillation counter; the counting efficiency was 86-94 % for 14C and 27-38 % for 3H using the external standard channels ratio.
Specific radioactivity of plasma water. Tyrosine oxidation was determined by measuring the appearance of tritium in plasma water. Specific activity (nCi/ml) of plasma water was measured by transferring 1 ml plasma to a 10 ml RB flask connected to a gas-transfer unit with a vacuum tap and tapered test-tube. The plasma was frozen, the unit vacuumed and the test-tube submerged in liquid N,. Water was collected in the test-tube by vacuum sublimation. A portion of the water was subsequently transferred to a scintillation vial, the volume made up to 1.0 ml and radioactivity determined after the addition of 15 ml 0.4 % PPO in Triton x 100-toluene (1 : 2, v/v).
Calculations
Tryrosine flux. The specific radioactivity of plasma tyrosine was plotted against the sampling times for each animal, and the rise to plateau specific activity fitted to a single exponential function using the OPTIMISE function of GENSTAT 5. The fitted equation was :
where Sp (nCi/pg) is the plasma tyrosine specific activity at any time, Spmax the plateau specific activity, hp (h) the rate-constant and t (h) the sample time (Shipley & Clark, 1972) . Tyrosine flux or turnover (mg/min) was calculated by the equation : infusion rate (nCi/min) Sp max (nCi/,ug) x 1000 ' flux = Tissue protein fractional synthetic rate (FSR) . FSR (K,) is the percentage of the total protein synthesized/d and was calculated by the formula described by Garlick et al. (1973) :
where Sb and Si are the specific activities (nCi/pg) of protein bound and free tyrosine, hi (/d) the rate-constant for the rise to plateau of the tissue tyrosine specific activity, t (d) the time of sampling and K, (%/d) the FSR. For slow-turning-over tissues (e.g. muscle) hi was not determined but was approximated by RK,, as described by Garlick et al. (1973) , where R is the concentration ratio, bound:free tyrosine in the tissue. FSR was calculated by the formula :
In fast-turning-over tissues such as liver and small intestine, hi was approximated by hp.
The FSR in these tissues was calculated from the formula:
In all the calculations described, the intracellular free tyrosine pool was assumed to be the amino acid precursor pool from which tRNA is charged for protein synthesis. The calculated FSR represents the maximum FSR (Davis et al. 1981) .
Whole-body protein synthesis (WBPS)
. WBPS (g/d) was calculated by two methods. In the first method protein synthesized in individual tissues was calculated from the formula : K, (%/d) x tissue protein (%) x tissue weight (8) and WBPS by summating protein synthesized in the individual tissues.
In the second method, WBPS was calculated by substituting the flux of tyrosine and the tyrosine content of body protein (3.25 YO in the present study) into the formula : 
Tyrosine oxidation. The specific radioactivity of plasma water was plotted against the plasma sampling times. In all the animals, linear regression lines were obtained ( r > 0.93) after 2 h indicating that the accumulation of 3H,0 occurred at a constant rate. The proportion of tyrosine oxidized or catabolized was calculated as :
Oxidation rate (%/min) rate of 3H incorporation into plasma water (nCi/min) x body water (ml)
[3H]tyrosine infusion rate (nCi/min) x 100.
--Body water was determined from chemical analysis of the carcass and non-carcass components isolated from the animals by methods previously described (Abdul-Razzaq et al. 1988) . Losses of 3H in breath and urine during the infusion period were not estimated. Similar assumptions were made by Fuller et al. (1987) . 
R E S U L T S
The effect of feeding whole loose barley or ground barley on the proportion of rumen VFA and the body composition of growing lambs has been previously reported (Abdul-Razzaq et al. 1988) . Giving whole loose barley produced a propionic acid type of fermentation (total VFA 5.28 (SE 019) g/l, individual VFA (YO of total) acetate 43-1 (SE 1-l), propionate 38.9 (SE 2.1), butyrate 11.5 (SE 1.0), valerate 2.3 (SE 0.3)). Pelleted ground barley produced an acetic acid type of fermentation (total VFA 4.90 (SE 0.38) g/l, individual VFA (Yo of total) acetate 47.4 (SE 1.8), propionate 202 (SE 0.9), P < 0.001 ; butyrate 20.1 (SE 1.0), P < 0.001 ; valerate 6.8 (SE 0.9), P < 0.01). The two groups of lambs, with the propionic and acetic acid types of fermentation, were characterized by acetic : propionic acid ratios of 1.13 (SE 0.08) and 2.37 (SE 0.5) (P<O.OOl) respectively and were designated the Pr and A groups.
Intravenous infusion of L-[side chain 2,3-3Hltyrosine
Four animals from each group were intravenously infused with [2, 3-3H]tyrosine for 7 h. Fig. 1 shows the typical results from one of the animals. The specific activity of plasma tyrosine gradually increased and reached a stable plateau specific activity. Such results, together with the small fluctuations in plasma tyrosine concentrations (Table 1) showed that the animals were in steady-state. The time-period for the specific activity of plasma tyrosine to reach 95% of the final plateau value was faster in the A group than in the Pr group (Table 1) and approached statistical significance (P < 0.1). The flux of tyrosine was also higher in the A group than in the Pr group but, due to the within-group animal variations, the difference was not statistically significant ( P > 0-1).
At the end of the infusion period, the animals were killed and the specific activities of intracellular free (Si) and bound tyrosine (Sb) in selected tissues determined. The specific activity of intracellular free tyrosine (Si) was 18-60% of the plasma specific activity (Sp) as shown by the Si:Sp values in Table 2 . In both groups the small intestine, liver and kidney had the lowest Si: Sp ratios and muscle, heart and rumen, the highest. There was a tendency https://www.cambridge.org/core/terms. https://doi.org/10.1079/BJN19890031 for the ratios to be higher in the Pr group than in the A group, but the differences were not statistically significant. Si is lower than Sp due to the catabolism of intracellular protein and the release of amino acids. Indeed, Table 3 shows that the intracellular free tyrosine concentrations (TFTC) are two to ten times higher than the concentrations of plasma free tyrosine (PFTC). The IFTC : PFTC value varies between the tissues, but there is a tendency for the ratios to be higher in the Pr group. This is attributed to changes in IFTC rather than in PFTC. Tissue protein FSR Si and Sb were used to calculate the maximum protein FSR in the different tissues from both groups of lambs (Table 4 ). The results show that skeletal muscle had the lowest FSR and the small intestine the highest FSR. In the fast-turning-over tissues, there were large variations in FSR, and in the slow-turning-over tissues, small variations. In most tissues the FSR tended to be higher in the Pr group than in the A group, except for liver and kidney where the values were higher in the A group (Table 4) . Differences between the two groups were not statistically significant, except for muscle which approached significance ( P < 0.1).
The FSR of the supraspinatus, longissimus dorsi and vastus lateralis muscles were examined individually, but there were no significant differences between the muscles within or between treatments.
WBPS
The maximum amount (8) of protein synthesized per d in each individual tissue is summarized in Table 5 . Although skeletal muscle had the highest protein content, the amount of protein synthesized was lower than that observed in the skin or digestive tract. This is attributed to the low FSR of skeletal muscle. There were no significant differences in tissue protein synthetic rates in the two groups, except for kidney tissue. WPBS, calculated by summating protein synthesized in individual tissues, was higher in the A group than in the Pr group (Table 5) . WBPS can be calculated directly from tyrosine flux, but such a method overestimates WBPS (506 (SE 33), 479 (SE 36) g/d; A and Pr groups respectively), since it assumes that all the tyrosine is used for protein synthesis. Table 6 shows that WBPS calculated from tyrosine flux corrected for tyrosine oxidation is similar to WBPS from summating protein synthesized in individual tissues. 1 Calculated from tyrosine flux corrected for tyrosine oxidation. 1 Calculated from summation of protein synthesis in individual tissue using the intracellular amino acid pool. 5 Average gain over 2 weeks prior to the infusion day. body composition remained constaint over this period.
Whole-body protein degradation FSR, fractional growth rate (FGR) and fractional degradation rate (FDR) of body protein were calculated by assuming that the average weight gain of the animals over the 2 weeks before an experimental day were representative of the weight gains on the experimental day, and that the body composition of the animals remained constant over the 2-week period ( Table 7) . The assumptions are probably valid since the animals maintained their feed intakes throughout the experimental infusion periods. Protein gain was calculated from live-weight changes (Oddy et al. 1987) . Although the content of body protein and WBPS were higher in the Pr group than in the A group, the FSR (%/d) was lower in the Pr group. FRG (g protein gain/d per total body protein x 100) was also higher in the Pr group than in the A group, but the FDR (FSR minus FGR) was lower.
DISCUSSION
It should be emphasized that when discussing the effects of rumen VFA on protein metabolism it is most likely to be a discussion on the influence of the rumen VFA on the precursors or hormones that regulate protein synthesis rather than the action of rumen fatty acids per . ye on protein synthesis. The following discussion will therefore examine the inter-relationship between the proportion of rumen VFA, plasma glucose concentrations, plasma insulin concentrations and the rate of protein synthesis in various tissues.
Protein synthesis
The time-period required for the specific activity of plasma tyrosine to reach 95 % of the plateau value was shorter in the A group (2.9 (SE 0.25) h) than in the Pr group (3.7 (SE 0.3) h) of lambs. The difference between the two groups was probably due to the higher flux rate of tyrosine in the A group (11.8 (SE 0.76) mg/min) than in the Pr group (10.1 (SE 0.95) mg/min), since the time-period to reach a plateau is dependent on the amino acid turnover rate and pool size (Waterlow et al. 1978) . The time-periods to reach a plateau in the two groups were similar to those previously reported for sheep (2.5 h, Bryant & Smith, 1982a, h ; Chambers, 1984) and cattle (3.0 h, Lobley et al. 1980) .
Skeletal muscle
The FSR (&, % / d ) of muscle protein were similar to the values previously reported for growing lambs (Davis et al. 1981 ; Chambers & Bickerstaffe, 1982) , lower than in newborn lambs (Soltesz et al. 1973 ) and higher than in mature sheep (Buttery et al. 1975) . Different muscles had different FSR but the results were not significantly different. Schreurs & B ,ekholt (1980) also found that different myofibril proteins turned over at different rates. Cmsequently, it is recommended that in all future work muscles from different locations should be analysed and an average protein synthetic rate determined. In the present work, the supraspinatus, longissimus dorsi and vastus lateralis were selected and found to be satisfactory muscles from which to determine the average synthetic rate of muscle protein.
Plasma insulin concentrations were consistently higher in the Pr group than in the A group (1.5 (SE 4.79), 2.9 (SE 15.19) ,dJ/ml respectively, P < 0.05), and associated with this was a higher muscle protein FSR (3.22 (SE 0.1 I), 2.95 (SE 0.1 1) %/d for Pr and A groups respectively, P < 0.1), which supports the concept that insulin stimulates muscle protein synthesis in ruminants. Insulin is also involved in regulating protein synthesis in simplestomached animals (Jefferson et al. 1977; Stirewalt & Low, 1983) . Plasma glucose concentrations were also higher in the Pr group than in the A group (836 (SE 22) and 71 1 (SE 32) mg/ 1 respectively, P < 0.05) so it is feasible that both glucose and insulin stimulate muscle protein synthesis. Fulks et al. (1975) observed that, in non-ruminant animals, glucose in the presence of insulin stimulated protein synthesis.
Liver There are two difficulties in measuring liver protein synthesis ; the experimental method only measures fixed liver proteins (Waterlow et al. 1978) and the liver removes C-2 from ~-[2,3-'H]tyrosine (Nicholas et af. 1977) . Both difficulties result in liver protein synthesis being underestimated, but in the present work the results can be used for comparative purposes.
The mass (176.5 (SE 9.6) v. 142.0 (SE 6.2) g protein respectively; P < 0.05) and FSR (52 (SE 10) v. 45 (sE 4.1) %/d respectively) of liver protein were all higher in the A group than in the Pr group. The increase in liver protein mass in the A group is probably due to protein synthesis being stimulated and protein degradation being inhibited by the high concentration of plasma amino acids (Abdul-Razzaq et al. 1988) . Alternatively, the reduction in liver mass in the Pr group would be due to the high plasma insulin concentrations, which are characteristic of the group, reducing the flow of amino acids from the peripheral tissues to the liver. Insulin has been reported to suppress the peripheral mobilization of amino acids and to inhibit liver gluconeogenesis (Bassett, 1978) .
Small intestine
The FSR of intestinal epithelial tissue in the present study agrees with literature values (Waterlow et al. 1978) , although Alpers & Kinzie (1973) suggest that the availability of intestinal amino acids probably affects the rate of protein synthesis. The latter implies that the higher concentration of duodenal amino acids in the Pr group than in the A group (47.5 (SE 6.4) v. 33.4 (SE 5.3) mg amino acids/g wet weight respectively) may explain the higher rate of intestinal protein synthesis in the Pr group. Wallace (1948) and Fell et al. (1972) reported that sheep brain weights vary little over the first 6 months of life. It is, therefore, not surprising that the experimental treatments had no effect on protein synthesis in the brain. Similarly, the experimental treatments had no effect on the FSR of heart tissue, although insulin and glucose have been reported to stimulate protein synthesis in rat hearts (Morgan et al. 1971 ).
Brain and heart

WBPS and protein turnover
Despite the high body protein content and high protein gain in the Pr group (Table 7) , WBPS tended to be lower in the Pr group than in the A group (Table 5) , which implies that protein degradation was higher in the A group. It is also interesting that the difference (1 3.2 YO) in protein FDR between the two groups (Table 7) was similar to the difference (14 YO) in plasma tyrosine flux ( Table 1) ; both variables being higher in the A group. Thus, the A group animals are characterized by a high WBPS rate, a high protein degradation rate, a fast rise to plateau and a low net protein gain.
There were differences in the concentrations of duodenal amino acids in the two groups, but such amino acids have little impact on the concentration of the circulating amino acids (Berman & Heitmann, 1980) since they are utilized by the intestinal mucosa and liver. Such facts infer that the high tyrosine flux in the A group is not due to differences in the absorption of tyrosine or the synthesis of tyrosine, which is minimal under normal feeding Conditions (Moldawer et al. 1983 ), but to a high protein breakdown rate induced by a fast protein turnover rate. Such an hypothesis is supported by the work of Bryant & Smith (1982~) who reported that tyrosine flux was 30% lower in concentrate-fed than in roughage-fed sheep, diets likely to produce propionic and acetic acid types of fermentation respectively.
Since the concentrations of plasma glucose and insulin were higher in the Pr group than in the A group (Abdul-Razzaq et al. 1988) , it is probable that both glucose and insulin are responsible for the low protein turnover rate in the Pr group. Such a conclusion is supported by previous work, which has shown that the administration of glucose or propionate improved N retention (Eskeland et al. 1974) , and that insulin stimulated protein synthesis and inhibited protein breakdown in sheep (Chrystie et al. 1977; Bassett, 1978) . Thus, it is apparent that the manipulation of the pattern of rumen VFA indirectly affects protein turnover by influencing the concentration of metabolites, such as glucose or insulin, which are derived from or influenced by the end-products of rumen fermentation.
Changes in protein turnover are important to animals since turnover requires energy and such energy is wasted in terms of net protein deposition. Indeed the efficiency of protein deposition is affected by the energy expended on protein turnover. For example, lowering protein turnover, and hence the energy expended on protein turnover (4.2 kJ/g protein; Van Es, 1980) , improves the energetic efficiency of an animal. This concept is supported by the low protein turnover rate (376 (SE 52) and 347 (SE 18) g/d for groups A and Pr respectively) and high retention of dietary energy as body energy (19.7 (SE 1.1) and 24.0 (SE 0.9) O h for groups A and Pr respectively; P < 0.01) in the Pr group of animals. Such evidence illustrates that the Pr group was more energetically efficient than the A group. Indeed, the efficiency of protein retention as expressed by the ratio, deposited protein : synthesized protein ) was higher in the Pr group (1 : 13) than in the A group (1 : 16). This difference in the efficiency of protein retention is probably responsible for the higher rate of fat gain (3-01 (SE 0.23) and 4.09 (SE 0.33) kg fat/trial period for groups A and Pr respectively; P < 0-05) and fat content (181 (SE 8) and 214 (SE 10) g/kg empty-body-weight for groups A and Pr respectively ; P < 0.05) in the animals consuming the same gross energy (1028 (SE 37.2) and 1054 (SE 24-7) total MJ intake for groups A and Pr respectively), but with acetic and propionic types of rumen fermentation (Abdul-Razzaq et af. 1988).
In contrast, the high concentrations of plasma amino acids and plasma urea together with the high tyrosine flux and high tyrosine oxidation rate imply that in group A amino acids are used for alternative pathways, such as gluconeogenesis, in addition to the pathways synthesizing protein. Indeed, Lindsay (1979) has suggested that the utilization of amino acids for gluconeogenesis limits their availability for protein synthesis, and that a simple inverse relationship between amino acids flowing into glucose or protein should not be expected. MacRae & Egan (1980) and Lindsay (1982) also suggested that ruminants use glucose and amino acids in an integrated system which allows the interconversion between glucose and amino acids to occur to maintain glucose homeostasis. Evidence in support of such conclusions is the ability of ruminants to convert glucose into non-essential amino acids (MacRae & Egan, 1980; Lindsay, 1981 ; Wilson et al. 1983) , and their capacity to adjust the utilization of glucose (Brockman, 1978) . About 40-50 YO of the glucose may be involved in such pathways (Leng & Ball, 1978; Rowe et af. 1978) .
If such pathways were operating in the A group of animals, then a high protein turnover rate would be beneficial, since it would facilitate a rapid interconversion between glucose and amino acids and with this a consequential economy in the utilization of glucose and amino acids. Such processes were aided by the low plasma insulin concentrations in group A.
In summary, the present study had indicated that changes in protein turnover and protein synthesis are associated with changes in the proportion of rumen VFA. It is also apparent that the rumen VFA influence protein synthesis, protein turnover and the efficiency of the utilization of dietary energy by affecting the concentration of plasma metabolites, particularly glucose and insulin. Such changes are probably responsible for the changes in the body composition of the lambs (Abdul-Razzaq et al. 1988) . The proportion of individual fatty acids in the rumen also has an influence on the supply of gluconeogeneic precursors, but a mechanism is required to maintain the balance of these and other precursors so that gluconeogenesis and protein synthesis are sustained or adjusted to meet the growth requirements of the animals. Further work is required to elucidate the details of such a mechanism. R E F E R E N C E S Abdul-Razzaq, H. A. (1985) . Influence of rumen volatile fatty acids and insulin on the metabolism of glucose and Abdul-Razzaq, H. A., Bickerstaffe, R. & Savage, G. P. (1988) . The influence of rumen volatile fatty acids on protein in lambs. PhD Thesis, Lincoln College, University of Canterbury, New Zealand.
